It has recently been shown that the ultralarge platelet-recruiting VWF strings formed immediately at exocytosis from endothelial cells may be anchored to the cell surface by an interaction with the integral membrane protein P-selectin. This finding of a new binding partner for VWF immediately raises the question of which domains of VWF bind to P-selectin. We have exploited the fact that expression of VWF in HEK293 cells triggers the formation of Weibel-Palade body-like structures that can recruit P-selectin. A suitably modified version of this assay using co-expressed truncations of VWF together with P-selectin variants in HEK293 cells allowed us to determine which domains of VWF would recruit P-selectin within a physiologically appropriate intracellular environment. Confirming the results of such a cellular assay by conventional co-immunoprecipitation, we conclude that the lumenal domain of Pselectin interacts with the D'-D3 domains of VWF.
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By co-expressing P-selectin and VWF constructs in HEK293 cells that form functional WPB 8 , we can monitor which VWF domains can drive P-selectin recruitment. We now demonstrate that the D'-D3 domains of VWF are sufficient both to bind the P-selectin lumenal domain and to trigger P-selectin recruitment to WPB. 
MATERIALS AND METHODS
HEK293 cells were grown, transfected, and prepared for immunofluorescence as described 8 . VWF and P-selectin constructs, the monoclonal anti-VWF-pro-peptide 239.1, and a rabbit polyclonal anti-cytoplasmic tail of P-selectin have all been , but importantly also rules out hetero-dimerisation of the lumenal domain with endogenous P-selectin or indeed a necessary role for other endothelial factors in recruitment. Since the recruitment of P-selectin to HEK293 WPB is highly specific 8 , these data strongly argue that this recruitment of soluble P-selectin by VWF reflects a direct interaction between the two proteins. We then expressed a mature VWF construct ( Pro), which does not contain the pro-peptide (Pro). Although this protein is not stored as efficiently as a WT-VWF and has been reported not to be stored in other systems 13 , we were able to detect VWF-positive structures that were also positive for P-selectin (Fig1B, " Pro"). Subsequent expression of VWF constructs with C-terminal deletions led to the conclusion that domains A1 to CK were not essential for P-selectin recruitment, as a GFP-tagged construct composed of the first four N-terminal domains D1-D2-D'-D3 (D1-D3-GFP; Fig1A), was able to drive P-selectin recruitment (Fig1B, "D1-D3-GFP"). We concluded that the VWF domains sufficient for P-selectin recruitment lie within the D'-D3 domains of mature VWF. 
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Since the pro-peptide is rapidly diluted after secretion 14 , it is an unlikely candidate for binding P-selectin. However, since it might also provide a negative control for binding we performed an assay for interaction of the pro-peptide with Pselectin. In this case, we used a mutated full-length P-selectin (P-sel YGVF ) rather than the lumenal domain alone. This strategy arose from limited antibody availability since the full-length P-selectin allowed use of an antibody that recognises the cytoplasmic tail of this protein. Furthermore, it provides a control to eliminate potential artefacts due to the expression of the lumenal domain on its own. The construct used, P-sel YGVF has had the granule-targeting motif (YGVF) within its cytoplasmic tail 15 replaced by tetra-alanine (Fig1A) so that recruitment of this variant to WPB in HUVECs is dependent on its lumenal domain 7 . In HEK293 cells P-sel YGVF is targetted to VWFpositive structures with a similar efficiency to that seen with the P-selectin lumenal domain (compare Fig 1B " D1-A1", with Fig 1C "D1-A1") . However, when P-sel YGVF was co-expressed with the VWF pro-peptide (Pro), we found no colocalisation; Pselectin staining was dispersed throughout the cell, presumably in endocytic/lysosomal compartments, instead of being restricted to VWF-positive punctae as with expression of other VWF constructs. This result, together with the recruitment of P-selectin following expression of the D1-D3-GFP construct, leads us to conclude that the D'-D3 domains of VWF are sufficient to drive P-selectin recruitment to WPB, presumably by direct interaction between the two proteins.
The D1-D3 domains of VWF bind to the lumenal domain of P-selectin
To confirm the likely interaction of P-selectin and VWF, we performed a coimmunoprecipitation of these two proteins, using a method developed to allow precipitation of VWF by endogenous P-selectin in HUVECs (not shown) in domains.
An interaction between P-selectin and VWF has been reported previously to occur in stimulated but not in resting HUVEC, implying no intracellular interaction or, as suggested by the authors, a weak intracellular interaction not detected in their system 2 . However, we find that the P-selectin lumenal domain alone is recruited in 7 and in HEK293 (this study), and that it can pull-down VWF. Indeed, it seems unlikely that an interaction between P-selectin and VWF can be satisfactorily established under flow but not within WPB. We would therefore suggest that technical differences could explain the discrepancies between these two sets of results. The interaction as monitored by co-immunoprecipitation may be sensitive to factors relating to cell type, the antibodies used, or the context in which the D'-D3 domains are presented to P-selectin. In this study, the levels of expressed P-selectin and VWF may be greater than that found in HUVEC and may increase the sensitivity of our assay. .
HUVECs
We now show that it is also crucial for P-selectin recruitment. Many mutations in these domains have been identified in patients with von Willebrand disease. Whether some of the clinical VWF variants within this domain affect P-selectin binding is not yet determined. The effect of dysfunctional VWF/P-selectin interaction on the normal progression of thrombus formation at the site of vascular injury is also not defined.
Were such mutations to reduce the attachment of VWF to the endothelium after secretion, thus contributing to a reduction in the efficiency of ADAMTS13 cleavage, then the data from Padilla and co-workers 1, 2 would argue that plasma VWF would contain higher levels of ultra-large multimers of VWF, perhaps such as those seen in thrombotic thrombocytopenic purpura (TTP). VWF is in red and P-selectin in green (note that for D1-D3-GFP, the red and green layers have been interchanged to be consistent with the rest of the figure) . The panels on the right are enlargments of the region boxed with a dashed line on the left. The enlarged upper panel is VWF and the lower is P-selectin. Note that the P-selectin pattern is very different when co-expressed with the pro-peptide as it is not recruited to the VWF-positive punctae. HEK293 cells were nucleofected with the P-selectin lumenal domain ( Fig 1A) and either VWF-GFP (A) or D1-D3-GFP (Fig 1A) . Cells were lysed and P-selectin immunoprecipitated from the lysate by the monoclonal anti-P-selectin antibody AC1.2. Coimmunoprecipitation of VWF with P-selectin was determined by Western blot using a rabbit polyclonal anti-GFP antibody (B).
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